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Chapter 1

Introduction

1.1 NLTE Spectrum Synthesis and SNe Ia

[t is perhaps fitting, but more likely absolutely necessary, to start off this thesis with
a definition of the title - NLTE spectrum synthesis of Type Ia supernovae. NLTE
stands for non-local thermodynamic equilibrium. It represents a step up from LTE
by accurately solving the rate equations to determine the level populations for a
selected set of ionic species. Non-local means that it incorporates effects beyond just
that of the the local electron temperature in order to determine the level popula-
tions. Given a finite piece of the atmosphere, these effects include both non-thermal
ionization due to the local y-ray deposition and the effects of the impinging radiation
field. Spectrum synthesis, in broad terms, is the numerical calculation of a spectrum
given a particular model for an atmosphere. A model includes such information as
abundances, radial, velocity and density gradients and the overall luminosity of the
object. Type Ia supernovae (SNe [a) are are among the brightest known objects in
the universe. They form a nearly homogeneous class and given a simple selection
criterion the observed dispersion in their overall luminosity is quite small. They
occur in both spirals and ellipticals and the current prevailing wisdom is that they

are the explosion of a Chandrasekhar-mass white dwarf. The classification of 'Ia’ is
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a spectral one, based on the absence of hydrogen in the spectra and a prominent
Si II feature near 6000A.

SNe Ia can be thought of as one of the fundamental building blocks in astron-
omy. The elements they eject are are important for nucleosynthesis studies as they
provide a large fraction of a galaxy’s metals. In addition, they are valuable distance
indicators for cosmology yielding some of the best measurements of both the Hubble
constant and the deceleration parameter. The modeling of their atmospheres and
spectra provides us with three tools to further our understanding of SNe Ia. First, in
comparing synthetic and observed spectra, we are able to ascertain information on
the temperature, density, velocity, and composition of the ejected matter. Second. by
calculating the spectra of hydrodynamical models of SNe Ia, we are able to constrain
both explosion mechanisms and progenitor types. Third, incorporating the spectral
fitting expanding atmosphere method (SEAM) one can measure the luminosity of
a SN Ia, yielding distances to individual events that are independent of distances
based on the decay of ®®Ni in SNe Ia and of Cepheid variable stars in the parent
galaxies.

This thesis is broken down into 4 major sections, each highlighting a different
way with which to use spectrum synthesis to analyze SNe [a. Chapters 2 and 3
look at normal SNe [a and their potential use as distance indicators using SEAM.
Chapter 4 examines spectral correlations with luminosity in SNe [a and provides a
plausible explanation for these correlations via spectrum synthesis. In Chapter 5
the spectra of various hydrodynamical models are calculated in an effort to answer
the question of which current progenitor/explosion model is the most plausible for a
SN Ia. Finally, we look at the importance of NLTE calculations and line identifica-

tions in Chapter 6. Also included are two appendices which contain more technical
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information concerning vy-ray deposition and the thermalization parameter.

1.2 Phoenix

All of the spectrum synthesis calculations shown in this thesis use the code PHOENIX
to calculate the model atmospheres. The work compiled for this thesis was stretched
out over a three year period. During this time PHOENIX has gone through several
revisions. PHOENIX 4.8 was used for the work in Chapters 1-4 and in Chapters 5
and 6 PHOENIX 7.1 was incorporated. The following is a general description of the
code and the differences between the two versions mentioned above.

PHOENIX 7.1 (Hauschildt, 1992a,b, 1993; Hauschildt, Baron, & Allard, 1996) is
a generalized stellar atmosphere code which has been used successfully to produce
spectra for novae, all types of SNe, red giants, cool stars and even AGNs. The code
accurately solves the fully relativistic radiation transport equation along with the
non-LTE rate equations while ensuring radiative equilibrium (energy conservation)
(Baron et al., 1995; Hauschildt et al., 1995, 1996). The following ions have been
treated in NLTE for type Ia supernovae calculations (the number of levels follows
in parenthesis): He I (11), He II (10), Na I (3), Ne I (26), Ca II (87), Mg II (18),
C 1 (228), O I(36), Fe II (617), Co II (255), Ti II (204), S II (85) and Si II (94).
In addition, the code is now able to handle the treatment of nebular boundary
conditions, as well as a stratified composition and a full y-ray deposition calculation.
This is the major difference between this version and version 4.8 along with putting

the iron peak and CNO elements into NLTE.



Chapter 2
SNe Ia 1992A and 1981B

2.1 Abstract

We present NLTE synthetic spectra for the Type Ia supernovae SN 1992A and SN
1981B, near maximum light. At this epoch both supernovae were observed from the
UV through the optical. This wide spectral coverage is essential for determining
the density structure of a SN [a. Our fits are in good agreement with observation
and provide some insight as to the differences between these supernovae. We also
discuss the application of the expanding photosphere method to SNe Ia which gives
a distance that is independent of those based on the decay of *Ni and Cepheid

variable stars.

2.2 Introduction

Type la supernovae (SNe la) are valuable distance indicators for cosmology and the
elements they eject are are important for nucleosynthesis. They appear to be ther-
monuclear disruptions of carbon-oxygen white dwarfs that accrete from companion
stars until they approach the Chandrasekhar mass, and there is a suspicion that
the propagation of the nuclear burning front involves a transition from a deflagra-

tion to a detonation. (For a review of these issues see Branch & Khokhlov (1995,
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in press). Detailed modeling of the atmospheres and spectra of SNe [a is needed to
advance our understanding of SNe Ia. Comparison of synthetic annd observed spectra
provides information on the temperature, density, velocity, and composition of the
ejected matter and thus constrain hydrodynamical models. In addition, the expand-
ing photosphere method yields distances to individual events that are independent
of distances based on the decay of *¢Ni in SNe Ia and of Cepheid variable stars in

the parent galaxies.

2.3 Description of the Models

We use the computer code PHOENIX 4.8 to compute our model atmospheres and
synthetic spectra for SNe 1992A and 1981B (Hauschildt, 1993, 1992b.,a). This code
uses an accelerated A-iteration (ALI or operator splitting) method to solve the time
independent, spherically symmetric, fully relativistic radiative transfer equation for
lines and continua to all orders in v/c including the effects of relativistic Doppler
shift, advection and aberration. The multi-level NLTE rate equations are solved
self-consistently for Ca II, Mg II and Na I using an ALI method. Simultaneously we
solve for the special relativistic condition of radiative equilibrium in the Lagrangian
frame using a modified Uns6ld-Lucy temperature correction scheme. Line transfer,
including line blocking, is treated accurately.

The generalized NLTE equation of state (EOS) is solved for 40 elements and up
to 6 ionization stages per element. The numerical solution of the EOS is based on
Brent’s method for the solution of non-linear equations which is very robust and fast
(Brent, 1973). In addition to the NLTE lines, the models include, self consistently,
line blanketing of the metal lines selected from the latest atomic and ionic line list of

Kurucz (1993, CDROM No. 1 Atomic Data for Opacity Calculations, unpublished).
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The continuous absorption and scattering coefficients are calculated using the cross
sections as described by Hauschildt et al. (1992) and the thermalization parameter.
a, is calculated according to the results of Appendix 2.

The effects of non-thermal collisional ionization by primary and secondary elec-
trons produced by collisions with y-rays due to the decay of *Ni and *¢Co are
modeled using the continuous slowing down approximation (Swartz, 1991; Garvey

& Green, 1976).

2.4 Comparison to Other Work

Past and present methods for computing synthetic spectra of SNe [a near maximum
light can be categorized by the physics used to treat the following : (1) atomic level
populations, (2) continuum transfer and (3) radioactive decay of *¢Ni.

The simple models of Branch et al. (1985) and Kirshner et al. (1993) incorporate
neither continuum transfer nor y-ray deposition. The level populations for their
models are parameterized and the ratio of the upper to lower level is governed by the
assumption of resonance scattering. The advantage of these codes is that they require
small amounts of CPU time while still producing very useful line identifications as
well as providing information about ejection velocities and the composition of the
supernova.

The Monte Carlo method of Mazzali & Lucy (1993) for the synthesis of early time
SNe Ia spectra is based on a Schuster-Schwarzschild approximation. Their model has
a sharp photosphere above which continuum transfer is neglected. The temperature
structure is determined by assuming radiative equilibrium and the level occupation
numbers are obtained through a modified version of the nebular approximation,

neglecting the effects of the fast electrons produced by the decay of 6Ni. Their code
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produces reasonable fits in the optical in a small amount of time while taking rough
account of departures from LTE.

Branch et al. (1991) presented a full NLTE calculation of an SN Ia atmosphere.
The synthetic spectrum produced in this paper was crude (none of the parameters
were fine tuned for fitting purposes), but the overall agreement is not bad. More
recent work by Miller et al. (1995, in preparation) has shown major improvements
in the fits. The strength of these calculations is that they are based on a vast
amount of atomic data and all species are treated in NLTE, however, they are non-
physical in several ways. The radiative transfer is not calculated self-consistently
and the continuum transfer assumes a static atmosphere in order to solve the rate
equations. Line blocking is treated with a heuristic approximation and line transfer
is accomplished assuming the Sobolev approximation. Energy conservation is not
enforced and the change in the electron density due to the decay of 6Ni is neglected.
Finally, these calculations require a prohibitive amount of computer time.

Another recent NLTE calculation has been carried out by Héflich (1995). His
focus is on the comparison of light curves and spectra of detailed hydrodynamic
explosion models with observation. The synthetic spectra produced by his code are
not adjusted by changing parameters such as the velocity at the photosphere or the
temperature and density gradients, but rather are the results of a hydrodynamic cal-
culation. The advantage of this type of calculation is that one can directly compare,
through spectra and light curves, one hydrodynamic model to another. The disad-
vantages are that the fits rarely reproduce the correct strength or velocity placement
of the observed lines, although good fits have been produced for SNe II (Hauschildt
& Ensman, 1994). In contrast to our models much of the line transfer is performed

assuming the Sobolev approximation and line blocking is approximated by a “quasi
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continuum” opacity. The relativistic terms in the radiative transfer equation are
treated approximately and the thermalization parameter, a for each line considered
in LTE is calibrated by a global. fit to that produced by the ions treated in NLTE.
The calculations of Wheeler, Swartz, & Harkness (1993) are the most similar to
ours in terms of the physics incorporated in the model atmosphere. Their calculations
include both continuum transfer and the effects of **Ni decay. The major difference is
that all of their atoms are treated in LTE whereas we include a number of important

atoms in NLTE.

2.5 Model Parameters

The model atmospheres are characterized by the following parameters (Hauschildt
et al., 1994; Baron, Hauschildt, & Branch, 1994; Baron et al., 1995; Allard et al.,
1994): (1) the reference radius R,, which is the radius where the continuum opti-
cal depth in extinction at 5000A is unity, (2) the effective temperature Teg, which
is defined by means of the co-moving luminosity, L, and R, (T = L/4AmR2%0),
(3) the expansion velocity, v,, at the reference radius, (4) the density, pout, at the
outer edge of the envelope, (5) the e-folding velocity, ve, which defines the den-
sity by p(r) = poe~"/*, or the power law index, N, which defines the density by
p(r) = por~N, (6) the continuum thermalization parameter «, (7) a non-thermal
ionization deposition function, (8) the element abundances. In all of our models of
SNe Ja atmospheres the abundances were taken from the carbon deflagration model
W7 (Nomoto, Thielemann, & Yokoi, 1984). To obtain our model abundances we ho-
mogenized the the zones in W7 with velocities greater than 8000 km s~!. The value
of a was assumed to be 0.1, the rise time, t,, was taken to be 17 days (i.e. the refer-

ence radius at maximum light is RML = v, ¢,), and the deposition function was local.
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We ensured that our choice of outer density had no effect on the models, decreasing

its value by an order of magnitude had no effect on the resultant spectrum.

2.6 Results

Figure 2.1 shows a comparison of SN 1992A, at 5 days after maximum light, with
our best fit synthetic spectrum. The fit is a very reasonable one. It nicely follows
the strong Fe peak line blanketing in the UV, the red edge of the Ca II H+K lines
near 4000A, the Mg II and Fe II troughs at 4500A and 5000A and the S II “W”
between 5200A and 5400A. The noticeable discrepancies occur with the two Si II
features at 3900A and 5900A and the O I feature at 7500A. We believe that these
features are due to NLTE effects and that the fit will improve once these species are
calculated in NLTE. Included in this figure is a LTE synthetic spectrum to illustrate
the importance of NLTE for our models.

Figure 2.2 shows our fit to SN 1981B at maximum light. Once again the overall
fit is good, although there are still the discrepancies with the O I and Si II features.
The advantage of fitting this observed spectrum is that it goes far enough into the
red to show the Ca II infrared triplet near 8400A. This feature really helps in the
determination of the structure of the supernova. Unlike some of the other LTE
features, the Ca II infrared triplet, which is treated in NLTE, is sensitive in different
ways to changes in the velocity, temperature and density gradients. This makes it
an invaluable part of the spectrum to have in order to obtain a good and meaningful
fit. This is in contradistinction to atmospheres of SNe II, which are dominated by
hydrogen, where the infrared triplet is rather insensitive to such changes.

Since SN 1992A was observed by both the HST, in the UV, and by CTIO, in

the optical, with good signal to noise, we were able to constrain our models using
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Figure 2.1: NLTE synthetic spectrum, thin line, LTE synthetic spectrum, dashed
line, vs. the spectrum of SN 1992A, thick line, at 5 days after maximum blue light
(Kirshner et al., 1993). While the LTE spectrum fits the Ca Il H+K feature well the
IR triplet absorption is weak and the emission is strong, in contrast to SN 1981B at
a similar time. The NLTE H+K absorption feature appears too narrow, however,
we believe that the observed width is produced by NLTE Si II.
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Figure 2.2: Synthetic spectrum, thin line, vs. the spectrum of SN 1981B, thick line,
at maximum blue light (Branch et al., 1983).
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this “full” spectral coverage. (The data obtained by the IUE for SN 1981B is rather
noisy.) The UV provides crucial information for the understanding of the model
atmosphere’s density and temperature gradients. Figure 2.3 shows the problems
inherent in fitting an observed spectrum solely in the optical by comparing our
best fit to SN 1992A incorporating exponential and power law density gradients.
In the optical it is a toss up as to which one fits the observed spectrum better;
however, one can easily see that blueward of 3750A the power law atmosphere has
an extreme excess of of flux. This difference in flux is due to the different temperature
gradients created by each density profile. One should therefore treat models which
fit only a part of the “full” spectrum with some suspicion (Pistinner et al., 1995, in

preparation).

2.7 Discussion

The input parameters as well as the results of our fits to these SNe Ia are listed
in Table 2.1. Making the well founded assumption of homologous expansion, the
reference radius is determined by R, = v, ¢ and hence our models predict the total
emitted flux. Thus, we can convolve our flux with standard filters to predict absolute
magnitudes. The absolute magnitudes were obtained using filter functions of Hamuy

et al. (1992) as described in Baron et al. (1995)

Model v,(km s™!) t(days) Teg(K) ve(kms™) Mpol Mg B-V
1981B 11400 17 9200 1500 -19.31 -19.42 0.08
1992A 8000 22 8900 1400 -18.99 -19.07 0.16

Table 2.1: The parameters used to fit SN 1992A and 1981B with the resulting
absolute magnitudes and colors. Note that since SNe [a have a large UV deficit the
bolometric correction is positive.

To estimate our errors we conservatively assume errors of 0.2™ in the velocity,
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Figure 2.3: Two synthetic spectra. An N = 10 power law density gradient, thin line.
vs. a v, = 1400 exponential density gradient, thick line.
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0.2™ for discrepancies in the composition and 0.25™ for the thermalization parameter
a which compensates the lack of species considered in NLTE. We are presently imple-
menting an Fe II model atom with 472 levels and 4505 NLTE transitions (Hauschildt
et al., in preparation) which will lower the error due to a. Adding these in quadrature
we arrive at error bars of + 0.38™ for the absolute magnitudes.

With reasonable fits to two SNe [a we can address the differences between them
(Phillips, 1993a; Branch, Fisher, & Nugent, 1993a; Branch et al., 1994). A compar-
ison of these SNe [a would only be straightforward if performed at a similar time
in their evolution (i.e. at maximum light). The spectra of SN 1992A was taken at
5 days after maximum light when it had already decreased 0.3™ in the blue from
its peak (Suntzeff, 1992, in preparation). This would then make it almost the same
magnitude as SN 1981B when it was at maximum light (Mp = -19.4™). Yet this
assumes that both these SNe Ia had a rise time of 17 days and there is some evidence
that this is not the case.

If the light curves of these SNe [a are compared to the light curve of SN 1990N
(which has a well observed pre-maximum light curve) one notices that SN 1981B has
a similar shape to SN 1990N while the light curve of SN 1992A rises and falls faster
than both of them. This implies that SN 1992A had a shorter rise time. How much
shorter should be resolved when a full EPM analysis of these SNe Ia are performed
over a wide range in time around maximum light. For now we can estimate the
rise time for these supernovae by making the simple assumption that the width of
a light curve directly corresponds to its rise time. We use SN 1990N as a baseline
light curve and fix its rise time at 20 days. The 20 days is arrived at by adding
the 2.5 days it took the PDD3 model of SN 1990N (Khokhlov, Miiller, & Hoflich,

1992) to reach the first observed data point to the 17.5 days it then took for the




CHAPTER 2. SNE IA 1992A AND 1981B 15

supernova to reach maximum light (Khokhlov, Miiller, & Héflich, 1992). To obtain
the rise-time of SN 1981B and SN 1992A we linearly interpolate the width of the
light curve 0.7™ below maximum from SN 1990N. The width of SN 1981B was 90%
that of SN 1990N and SN 1992A was only 70% of SN 1990N giving rise times of
18 and 14 days, respectively. Given our peak blue magnitudes of Mp,,, = —19.4™
and Mp,,, = —19.4™, and using our derived rise times we may write the absolute

magnitudes as:

Mp,,, = —18.9 — 5log(t,/14) + 0.4™ (2.1)
Mp,,, = —19.5 — 5log(t,/18) £ 0.4™. (2.2)

Note that the difference between the absolute magnitudes of these two SNe Ia
is the same as implied by the Tully-Fisher (Pierce, 1994) and surface-brightness-
fluctuations (Tonry, 1994, private communication) distances to their parent galaxies.
Phillips (1993a) and Vaughan et al. (1995, in press), but arrived at in a very different
manner. The two absolute magnitudes given above, together with the observational
Hubble diagram for SNe Ia (Vaughan et al. 1995), give Ho ~ 57+12 km s~! Mpc~!.
With apparent magnitudes B = 12.0 £ 0.1 for SN 1981B (Leibundgut et al., 1991)
and 12.6 £ 0.1 for SN 1992A (Suntzeff, 1992, in preparation) the distance moduli

are:
peas = 31.5 + 5log(t,/14) + 0.4™ (2.3)
psis = 31.5 + 5log(t,/18) + 0.4™. (2.4)

2.8 Conclusions

We have presented spectral fits to SN 1981B and 1992A near maximum light which

match the observed spectra well. It is apparent that we need to add Si [ and O I
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to our list of NLTE species. Our models have shown the necessity of having both
optical and UV coverage of an SNe la to constrain the density and temperature
structures. Finally, we have demonstrated the ability to carry out an EPM analysis
that provides a distance to SNe Ia independent of those based on the radioactive

decay of *Ni and Cepheid variable stars.




Chapter 3
Physics and the Hubble Constant

3.1 Abstract

Two physical methods for determining luminosities and distances of Type Ia super-
novae, the spectral fitting expanding atmosphere method and the *Ni radioactivity
method, depend on the interval between the times of explosion and maximum bright-
ness, but in differing ways. By requiring consistency between the two methods we
derive blue and visual absolute magnitudes Mg ~ My =~ —19.47 £ 0.45 mag which,
together with the ridge line of Type Ia supernovae in the magnitude-redshift dia-

gram, constrain the Hubble constant to be 57 + 11 km s™' Mpc™".

3.2 Introduction

Determining the value of the Hubble constant ( Hg) by means of Type Ia supernovae
(SNe Ia) is currently a topic of great interest. The attractive features of SNe Ia for
this purpose include (1) that nearly homogeneous subsamples of them can be isolated;
(2) that they are luminous and therefore can be observed to large distances; and (3)
that they are reasonably well understood physical events which can be modeled.
To compare the results of theoretical models to observations, it is necessary to

account for the response of detectors. It is convenient to work in the standard

17
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astronomical convention of magnitudes. The apparent magnitude in a particular

band (m.) is defined as
me = —2.5log /O°° S.(A\) Frd) +C. (3.1)

where S;()\) is the filter response function for band z at wavelength A, F) is the ob-
served photon flux per unit wavelength, and C; is a normalization constant which in
practice is determined by observing comparison stars whose magnitudes are known.
The absolute magnitude in band =, M_, is defined as the apparent magnitude the ob-
ject would have if it were observed at a distance of 10 pc. The bolometric magnitude.

Mg,, can be defined in terms of the luminosity of the sun:

L
Mpo = —2.5 log (-L—-) + MB°|®, (32)
®

where Lg = 3.85 x 10* ergs s~! is the luminosity of the sun, and Mpol, = 4.72 mag
is the absolute bolometric magnitude of the sun.

Normal SNe Ia, e.g., those which at maximum brightness have broad-band blue-
minus-visual color index |mpg — my| < 0.25 mag, have intrinsic absolute magnitude
dispersions o(Mpg) ~ o(Myv) < 0.2 mag Sandage & Tammann (1993); Vaughan
et al. (1995, in press); Hamuy et al. (1995); Sandage & Tammann (1995, in press):
Vaughan, Branch, & Perlmutter (1995, in preparation). In the magnitude-redshift
diagram, normal SNe Ia form a ridge line Hamuy et al. (1995); Sandage & Tam-
mann (1995, in press); Vaughan, Branch, & Perlmutter (1995, in preparation) which

corresponds to

Mg

i

My (3.3)

1

—19.75 £0.10

Hy
51 .
T olog (50 km s~! Mpc‘l) mag
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Thus, the determination of the absolute magnitude of a normal SN Ia provides
the value of Hy. Furthermore, because our present understanding of SNe Ia Branch &
Khokhlov (1995, in press) allows them to be modeled and their absolute magnitudes
to be calculated, SNe Ia provide a determination of Hy which is independent of all

other distance determinations in astronomy.

3.3 Theory

In this chapter we combine two ways to calculate the luminosity of SNe Ia: (1) the
spectral fitting expanding atmosphere method (SEAM), which is based on modeling
the optical-ultraviolet spectrum, and (2) the *Ni radioactivity method, which is
based on the theory that the SN Ia light curve is powered by the radioactive decay
of 56Ni through %Co to *¢Fe. These two methods depend on the rise-time tg, the
interval between the times of explosion and maximum brightness, in different ways.
This then allows us to write down two equations involving the unknowns tg and L
and solve for them.

Given the assumptions that radioactivity powers the light curve and that near
the time of maximum light most of the energy released by radioactivity is still being
trapped and thermalized, the peak radiated luminosity is expected to be comparable
to the instantaneous rate of energy release by radioactivity Arnett (1982); Arnett,
Branch, & Wheeler (1985); Branch (1992). Thus the peak luminosity can be ex-
pressed as

Lyi = aS(tr) M; (3.4)

where S is the radioactivity luminosity per unit nickel mass, evaluated at time ip,
Mn; is the mass of ®Ni synthesized in the explosion, and «, the ratio of bolometric

to radioactivity luminosities, is near unity. Using e-folding decay times for **Ni and
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5Co of 8.8 and 111 days, and mean energy releases per decay of 1.71 and 3.76 MeV.

the radioactivity luminosity per solar mass of *®Ni becomes Branch (1992):

S= 6.31 x 10%3 ¢~tn/(88days) (3.5)

+1.43 x 1043 g~tr/(111days)  apgg g=1 ML

3.4 Hydrodynamical Models

In order to constrain the value of My;, we focus on hydrodynamical models for SNe [a
that include calculations of light curves and spectra. Hoflich’s Hoflich (1995) work
on the normal SN Ia 1994D combines detailed hydrodynamical explosion models
with spectrum synthesis. This approach proves extremely useful in rejecting certain
models for SNe Ia. Not only do his models have to replicate the light curve but they
must also synthesize the proper elements which make up the SN [a’s atmosphere in
order to properly fit the spectrum. His acceptable models for SN 1994D are M35,
M36 and M37. These show a range of 0.51 < My; < 0.67 Mg. In addition to this
work, Harkness Harkness (1991a); Wheeler, Harkness, & Khokhlov (1995) shows
that for the normal SN Ia 1989B, model W7 of Nomoto et al. Nomoto, Thielemann,
& Yokoi (1984) (Mn;=0.58 M) provides good fits to the series of spectra. Further
he states that there are no acceptable models with My; < 0.5 Mg. The light curves
and spectra are sensitive to the nickel mass not only because the composition of the
ejected matter directly affects the spectral lines, but also because the nickel mass
determines the temperature of the ejected matter. Thus we adopt for the nickel mass
the value,

My = 0.6 £ 0.2+ 0.1 Mo, (3.6)

where the first range covers the acceptable values found by Harkness Harkness

(1991a) and Hoflich Hoflich (1995) and the second allows for any possible systematic
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effects.

For simple illustrative assumptions, including that of constant gas opacity, the
value of a can be shown to be unityBranch & Khokhlov (1995, in press); Arnett
(1982). Our estimate of o is based on the hydrodynamical work and light curve
calculations such as presented by Khokhlov, Miiller, and Hoflich Khokhlov, Miiller,
& Hoflich (1994) They find that in detailed calculations which take into account the
dependence of the opacity on the temperature, a exceeds unity for models which
have a sufficiently long rise time to be compatible with observation. This is due to
the dependence of opacity on temperature; as the temperature falls toward 10* K
the opacity also falls, internal energy is released rapidly, and the light curve peaks at
a luminosity that exceeds the instantaneous radioactivity luminosity. For acceptable
models for normal SNe Ia Branch & Khokhlov (1995, in press); Khokhlov (1995.
private communication):

a=12+02. (3.7)
Combining this with our My; estimate we obtain:

aMy; =0.72 £0.29 Mg, (3.8)

The values of a and My; may be anti-correlated (e.g., for a high value of My;, ra-
dioactivity energy released near the surface of the explosion tends to escape directly
rather than to be trapped and contribute to the thermalized luminosity). By ig-
noring any such anti-correlation in our error estimate our range for aMy; should be

conservative.

3.5 Spectrum Synthesis

We now turn our attention to the the spectrum synthesis models of Nugent et al.

Nugent et al. (1995a) (seen in Chapter 2). Accurately solving the fully relativistic
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radiation transport equation along with the non-LTE rate equations (for some ions)
and ensuring radiative equilibrium (energy conservation) led to quality fits to the
near-maximum-light spectra of SN 1992A and SN 1981B. These models allowed them
to predict the supernova luminosity with the following assumptions: (1) Homologous
expansion, v « r, from which it follows that the velocity of a given matter element
is constant and hence that the position of a reference radius is given by vetr, where
vo is determined by the spectral fit. (2) The density gradient for the atmosphere
follows a decaying exponential. (3) A high-quality fit to the spectrum implies that
the model parameters were accurately determined. This method is in the spirit of the
Baade method Baade (1926); Kirshner & Kwan (1974); Branch et al. (1981b) and the
more detailed expanding photosphere method of Eastman and collaborators Eastman
& Kirshner (1989); Schmidt, Kirshner, & Eastman (1992). To avoid confusion with
photospheric based methods we refer to our present method, which entails fitting the
spectrum of individual supernovae, as the Spectral-fitting Expanding Atmosphere
Method (SEAM).

Clearly the luminosity depends on the rise-time through assumption (1). The fits
to the normal SNe Ia 1981B and 1992A are good; thus we assume that the model
parameters are determined reasonably well. From the models we find that the peak

luminosity for SNe 1981B and 1992A is:

tn \°
L =1 . B -1 )
SEAM 60 0.7 x 10 (17 days) ergs s (3.9)

3.6 Results

In Figure 3.1 we display the rise-time dependence of the two methods to determine
the peak luminosity of normal SNe Ia. From this figure we find that L is in the range

1.0 — 2.3 x 10*3 ergs s~!, which corresponds to Mgy = ~19.25 +0.45 mag. In order
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Figure 3.1: The luminosity of Type Ia supernovae as a function of rise-time. The
band labeled Ly; is the range of luminosity allowed by nickel radioactivity and the
band labeled Lsgam is the range of luminosity allowed by the spectral fitting ex-
panding atmosphere method. The intersection is the allowed range of rise-times and
luminosities. The arrows denote the minimum possible rise-times allowed by ob-
servation for the indicated supernovaeKirshner et al. (1993); Branch et al. (1983a);

Marvin & Perlmutter (1989); Richmond et al. (1995).




CHAPTER 3. PHYSICS AND THE HUBBLE CONSTANT 24

to compare to observations we must apply a bolometric correction to convert from
Mg, to the observationally accessible quantity, Mg. This quantity is a prediction of
the models of Nugent et al. Nugent et al. (1995a), where the synthetic photometry
is performed as described in Baron et al. Baron et al. (1995), however we have
corrected an error that appeared in both those publications and will be described
in detail elsewhere. We find Mg, — Mg = 0.23 mag. The bolometric correction is
positive due to the fact that the flux from SNe Ia is highly non-Planckian; there is
a large UV deficit due to line blanketing. Thus, the B-band is significantly brighter
than it would be for a more nearly Planckian stellar spectral energy distribution of
the same luminosity. Since the spectral energy distribution is the primary result
of our modeling we are able to calculate the flux in any given filter band without
additional error.

Applying this correction we find:
Mg = —19.47 + 0.45 mag. (3.10)

If we make the assumption that the normal SNe Ia that were used to derive this
result (SNe 1981B, 1989B, 1992A and 1994D) are similar to the normal SNe [a found
on the ridge-line of the Hubble diagram for SNe Ia Vaughan et al. (1995, in press)

we can apply Eq. 3.4 to obtain the Hubble constant:

Ho =57+ 11 km s™! Mpc™.. (3.11)

3.7 Conclusions

Even normal SNe Ia are not entirely homogeneous, as demonstrated by observed cor-
relations between absolute magnitude and photometric Hamuy et al. (1995); Sandage

& Tammann (1995, in press); Riess, Press, & Kirshner (1995) or spectroscopic Fisher
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et al. (1995) properties of SNe [a. Direct application of the methods discussed in
this Letter to more distant SNe Ia would obviate the “standard candle” assumption
and reduce the uncertainty in the value of Hp.

Our result for Hy agrees with that of Hoflich and collaboratorsHoflich et al.
(1995); Hoflich & Khokhlov (1996) and other SN Ia based methods Hamuy et al.
(1995); Riess, Press, & Kirshner (1995) within the quoted errors, and indeed SNe Ia
based methods are nearly converged.

Many astronomers find observational evidence that the value of the Hubble con-
stant is high (= 80 km~! s~! Mpc~!), which leads to the possibility of a cosmic “age
problem” Hogan (1994); Pierce et al. (1994); Jacoby (1994); Freedman et al. (1994)
and the need for a remedy such as a cosmological constant. On the other hand,
SN Ia absolute magnitudes determined by means of Cepheid variables in the SN [a
parent galaxies Saha et al. (1994, 1995, in press) are consistent with our physically
based estimate of the SN Ia absolute magnitude. Other physically based determina-
tions of the value of the Hubble constant by techniques that are independent of local
astronomical distance calibrations — time delay in a gravitationally lensed “double
quasar” Dahle, Maddox, & Lilje (1994) and the Sunyaev-Zel’dovich effect in clus-
ters of galaxies Jones et al. (1993); Birkinshaw & Hughes (1994) — also require low
values of Hy.

We conclude that our present physical understanding of SNe Ia requires that the
value of Hg be low — and that the expansion age of the universe is not necessarily

inconsistent with the ages of the oldest stars.




Chapter 4

A Spectroscopic Sequence Among
SNe Ia

4.1 Abstract

In this chapter we present evidence for a spectral sequence among Type la supernovae
(SNe [a). The sequence is based on the systematic variation of several features seen
in the near-maximum light spectrum. This sequence is analogous to the recently
noted photometric sequence among SNe Ia which shows a relationship between the
peak brightness of a SN Ia and the shape of its light curve. In addition to the
observational evidence we present a partial theoretical explanation for the sequence.
This has been achieved by producing a series of non-LTE synthetic spectra in which
only the effective temperature is varied. The synthetic sequence nicely reproduces
most of the differences seen in the observed one and presumably corresponds to the

amount of *®Ni produced in the explosion.

4.2 Introduction

Much of the recent work on SNe Ia has focused on the photometric differences be-

tween individual events. Correlations have been found between the absolute mag-
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nitudes at maximum light and the light curve decline rates. Relationships such as
Am,s(B)! vs. Mg (Phillips, 1993b; Hamuy et al., 1995) and the Light Curve Shape
analysis (Riess, Press, & Kirshner, 1995) highlight this work. A explanation for
these photometric correlations has been provided by Héflich (1995) and Hoflich &
Khokhlov (1996) in which detailed hydrodynamic modeling has shown that SNe la
which produce more *¢Ni are brighter and have light curves which decay more slowly.

Spectroscopic correlations with absolute magnitude (or light curve decline rate)
have also been searched for, but with mixed success to date. Pskovskii (1977, 1984)
and Branch et al. (1981a) found evidence that the velocity of the minimum of the
Si II A6355 absorption near maximum light was correlated with decline rate, but
modern data do not appear to support this claim (Wells et al., 1994). Wells et al.
(1994) suggested that the velocity of the minimum of the Ca II H&K absorption
at maximum light may be correlated with decline rate, while Fisher et al. (1995)
showed that the visual absolute magnitude is correlated with the minimum ejection
velocity of calcium as measured from the H&K lines in moderately late-time spectra.
Several authors have also called attention to general trends in the relative strengths
of certain lines (e.g., Si Il and Ti II) in the spectra of SNe Ia suggesting that these
are correlated with decline rate (Phillips, 1993b; Hamuy et al., 1995; Branch, Fisher,
& Nugent, 1993b). Nevertheless, a robust numerical analysis of these trends has
not yet been performed. In this Letter we discuss the evidence for such a spectro-
scopic sequence, presenting specific relationships between Mp and 1) the ratio of the
strength of the Si II absorption features found near 5800 and 6150 A, and 2) the
flux difference across the Ca II H&K absorption blend. Through the use of detailed

non-LTE calculations of the spectra of SNe Ia we provide partial explanations for

!The parameter Am5(B) is defined as the amount in magnitudes that the B light curve declines
during the first 15 days following maximum light.
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these correlations. Additionally, we make note of several other trends seen in both

the observed and synthetic spectral sequences.

4.3 Observations

Figure 4.1 presents a spectroscopic series of SNe [a near maximum light. The obser-
vational sequence is placed in order of decreasing luminosity (increasing Am;s(B))
as found in citephilm15 with the flux scaled arbitrarily for easier viewing. (The
synthetic spectral sequence will be discussed in the following section). By placing
the spectra in this order several trends become readily apparent along the observed

sequence:

1. A pronounced difference occurs with the Ti II feature near 4200 A. This is the
most distinctive feature in the blue part of the spectrum of SN 1991bg. One
can also see this absorption feature in SN 1986G, and perhaps a hint of it in
SN 1992A. It is not present in SNe 1981B, 1990N and 1991T. However, these
SNe show a more subtle change at these wavelengths as the Fe II lines in SN

1981B give way to the Fe III features seen in SNe 1990N and 1991T.

2. Two features which decrease in strength as one moves up the sequence are the
absorption troughs at 7500 and 8200 A. These features are associated with O I,
Mg II and Ca Il

3. The relative strengths of the two absorption features which form the distinctive
“W™ absorption feature at ~5400 A normally ascribed to S II are observed to
vary in strength along the sequence. The red line is stronger than the blue in
the faster-declining (lower-luminosity) SNe, but as one moves up the sequence

the two lines become nearly equal in strength in SNe 1981B and 1990N, whereas
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Figure 4.1: A plot of the synthetic (left) and observed (right) spectral sequences.
Note the evolution in each graph of the following spectral features: Ca II at 3800
and 8200 A, Ti II at 4200 A and Si II at 5800 and 6150 A.
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the blue line finally grows stronger than the red in the spectrum of SN 1991T.

4. Another interesting trend is observed in the relative strengths of the apparent
emission features located just to the blue and red of the 3800 A Ca II H&K
absorption trough. This ratio becomes increasingly stronger as one moves up
the sequence until the "jump” across the absorption essentially disappears in

SN 1991T.

5. The Si Il absorption troughs at 5800 and 6150 A are perhaps the most striking
features to evolve in this sequence. Proceeding up the sequence, the strength

of the absorption at 5800 A decreases with respect to the one at 6150 A.

SN B i Eg_v Mg R(SiIl) R(Call) References ¢
T001T 11.69(03) 30.60(30) 0.13(05) -19.44(36) 0.14(05) 0.94(11) 123
1981B  12.03(05) 30.50(30) 0.10(05) -18.88(37) 0.16(05) 1.42(11) 423
1994D 11.86(03) 30.68(13) 0.00(02) -18.82(16) 0.20(05) 1.38(11)  5-6,7,8
1990N  12.73(03) 31.40(30) 0.00(02) -18.67(31) 0.16(05) 1.14(11) 9,2,3
1989B  12.34(05) 29.40(30) 0.37(03) -18.58(33) 0.29(05) 1.29(11) 10.2,3
19924 12.57(03) 30.65(11) 0.00(02) -18.08(14) 0.38(05) 1.58(11) 11,23
1986G  12.45(05) 27.71(08) 0.65(10) -17.92(42) 0.53(05) 2.07(11) 12,2,3
1991bg 14.76(10) 31.08(08) 0.00(02) -16.32(15) 0.62(05) 2.56(11) 13,2,3

Table 4.1: Observed R(Si II) and R(Ca II).

S(spectra, u, B & Eg_v ) (1) Phillips & other (1992), (2) Phillips (1993b), (3) Hamuy et al.
(1996, in preparation), (4) Branch et al. (1983b), (5) Meikle et al. (1996a), (6) Patat et al. (1996),
(7) Tonry (1996, in press), (8) Richmond et al. (1995), (9) Mazzali et al. (1993), (10) Wells et al.
(1994), (11) Kirshner et al. (1993), (12) Phillips & other (1987), (13) Filippenko et al. (1992a).

Figure 4.2 illustrates the latter two correlations. The ratio of the two Si II
absorption features was measured via the following procedure. First, the spectrum
is put onto an F') vs. wavelength scale and then de-redshifted to correct for the radial
velocity of the host galaxy. Second, the narrow Na I D interstellar lines (if present)
are removed from the spectrum. Third, three “continuum” points are chosen to

perform the analysis of the relative strengths. These points are the maxima in the
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Figure 4.2: Observed Mp vs. R(Si II) (open circles) and R(Ca II) (filled squares)
The inset graphs illustrate how the ratios were measured. Error estimates can be

found in Table 4.1.
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emission features found just blue of the 5800 A trough, between the two Si II troughs
and to the red of the 6150 A trough. Line segments are drawn between adjacent
continuum points and then the difference in flux between the corresponding line and
the minimum for each trough is calculated. Figure 4.2 displays the absolute blue
magnitude Mp vs. the ratio of the fractional depth of the bluer absorption trough
to the redder one (which we refer to as the Si II ratio, R(Si II)). Table 4.1 lists
these values and their references. Note that the absolute luminosities were derived
using the Surface Brightness Fluctuations and IR Tully-Fisher distance moduli listed
by Phillips (1993b) and Richmond et al. (1995), and therefore reflect the “short”
distance scale (Ho ~ 85 km s~! Mpc™!). The errors quoted for each ratio are
rough estimates based on uncertainties in the reddening (which produce an almost
negligible difference) and the night to night evolution of the spectrum. For the latter
we examined the change in the ratios over a 10 day period centered on maximum
light. The errors do not include the effects of poorly calibrated spectra. One might
be tempted to assume a linear correlation between Mg and R(Si II), but as will be
shown in the next section the reason behind this relationship is rather complex and
can not be easily broken down into a simple correlation.

The flux ratio across the Ca II H&K absorption trough was measured in a similar
fashion. After placing the SN spectrum on an F) vs. wavelength scale and de-
redshifting to correct for the host galaxy radial velocity, the flux is measured at
two wavelengths, the maxima of the emission features which straddle the Ca II
absorption. The Ca II ratio, R(Ca II), is then defined as the ratio of the flux of the
redder feature to the flux of the bluer feature. Figure 4.2 shows this ratio plotted
vs. Mp. As is clearly seen, t'he relationship is remarkably similar to that observed

for the Si II ratio; indeed, a plot of R(Ca II) vs. R(Si II) reveals a high degree of
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correlation between the two measurements.

4.4 Theory
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Figure 4.3: Photometry in U, B, V, R and [ for the synthetic spectra.

In addition to the observed spectra shown in Figure 4.1 are six synthetic spectra.

These spectra were produced with the code PHOENIX 4.8 (Hauschildt, 1992a.,b, 1993;
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Hauschildt et al., 1995; Baron et al., 1995; Hauschildt & Baron, 1995; Hauschildt
et al., 1996). This code accurately solves the fully relativistic radiation transport
equation along with the non-LTE rate equations (for some ions) while ensuring radia-
tive equilibrium (energy conservation). The following ions were treated in non-LTE:
Na I (3 levels), Ca II (5 levels), Mg II (18 levels), O I (36 levels) and Fe II (617
levels). All of the spectra are based on the same model parameters (one which pro-
duced a reasonable fit to SN 1991bg). The models have the following parameters:
tise = 15 days (number of days since explosion), Vg = 7500 km/s (the velocity at the
reference radius) and V, = 900 km/s (the e-folding velocity which defines the density
profile by p(r) = p,e~"/V*). The reference radius, R, is the radius where the contin-
uum optical depth at 5000 A is unity. The abundances are taken from model W7
(Nomoto, Thielemann, & Yokoi, 1984), homogenized for v > 8000 km s™', except
that the titanium abundance has been increased by a factor of 10. The synthetic
sequence was generated by varying only the observed luminosity of the SN, L. For
easy reference to the spectra, we define the effective temperature, T.g, as follows:
T4 = L/(4wR%c). This is an input parameter of our models but our analysis makes
no assumption about the existence of a photosphere. The models are all in radiative
equilibrium so of course the temperature structures differ between them.

This synthetic sequence ranges in T.g from 7400 to 11,000 K. With only this
change the synthetic spectra are able to reproduce most of the differences seen in
the observed spectra. [t must be noted that a particular synthetic spectrum does
not correlate one to one with an observed spectrum (better fits can be obtained by
adjusting the parameters), rather the values for T.g were chosen such that the trends

seen in the observed sequence would be highlighted in the synthetic spectra.

The synthetic sequence reproduces the Ti II feature and its vanishing evolution
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as one increases T.g. The increase in T.g causes the ionization of Ti II and the loss
of its strong optical signature. Also of note is the effect the temperature change has
on Ca II. One can easily see the decrease in strength of the infrared triplet as one
moves up the sequence. This is once again caused by ionization. While observed
data are sparse in this region SNe 1991bg, 1981B and 1991T definitely show this
effect. Also, the emission feature blue-ward of the 3800 A Ca Il H&K blend shows
the same increase in flux as is found in the observed spectra. This is due both to
the increase in overall flux in the blue and to the ionization of Fe II and Co II, which
decreases the line blanketing in this region of the spectrum, as T.q is raised.

Even though Si II is treated in LTE, the synthetic sequence is able to reproduce
a similar correlation as seen in the observed Mp vs R(Si II). At first thought this
correlation makes little sense. The trough at 5800 A is due to a 4P-5S transition
while the one at 6150 A comes from the 4S-4P transition. Since they share the 4P
level, and the line at 5800 A line is produced by a transition with a higher excitation
energy, it would be natural to think that this line should increase in strength relative
to the 6150 A line as T.g is increased. The reason behind its decrease in strength
as one moves up the sequence is due to a rather complex interaction of the lines
with line blanketing from Fe II and Co II which increases the apparent strength of
the 5800 A line at lower T.g while at higher T.g Fe Il and Co III line blanketing
helps to wash out the feature. Note the nice correlation seen in the synthetic spectra
for R(Si II) and R(Ca II) as the luminosity is increased (see Figure 4.1).R(Si II)
and Mp for each of the synthetic models is listed in Table 4.2 (for an assumed
Hp ~ 85 km s~! Mpc™!).

Turning our attention towards the photometry of the synthetic models we can

further explore the similarities between the models and observations. Figure 4.3
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Ter  Mp  R(GII) R(Call)

12000 -18.96  -0.44 0.89
11700 -18.92  -0.82 0.88
11400 -18.85 0.01 0.87
11000 -18.77 0.00 0.87
10700 -18.67 0.02 0.83
10400 -18.58 0.03 0.77
10000 -18.45 0.23 0.74
9700 -18.36 0.28 0.79
9400 -18.26 0.33 0.86
9000 -18.09 0.41 1.01
8800 -17.99 0.45 1.08
8600 -17.85 0.49 1.10
8400 -17.70 0.54 1.13
8200 -17.52 0.61 1.18
8000 -17.33 0.70 1.26
7800 -17.13 0.82 1.36
7600 -16.88 0.93 1.56
7400 -16.65 0.95 2.14

Table 4.2: Synthetic R(Si II) and R(Ca II).

contains a graph of the absolute magnitude, in various bands, vs. Teq for all of the
models used to create the synthetic sequence. The most striking feature in this graph
is the almost 5 magnitude change in My from the coolest to hottest model. (Note
that in a more realistic sequence, where the more luminous models would have a
longer risetime and hence a larger radius; these differences would only be enhanced.)
Since previous fits to SNe 1981B and 1992A have been good in the UV (Nugent et al.,
1995a), it is not unreasonable to think that this is representative of what happens in
the observed spectral sequence. Unfortunately, the number of quality observations
in U are rather limited. What we do have (Schaefer, 1995) does indicate such a trend
(Branch et al., 1995a). One should also note that the range in absolute magnitude
for all of the models decreases as one moves to redder photometric bands. This effect
has manifested itself in Phillips (1993b) where the slope of the correlation between

Am,s5(B) and Mp is seen to be steeper than between Am;s(B) and M.
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Figure 4.4 displays the maximum-light colors of the synthetic models vs. Tg.
This figure shows that the U band is a powerful tool for discriminating the differences
among SNe la. U — B changes almost 2 magnitudes over this range of T.g while the
color differences seen in V — R and R— [ barely span 0.5 magnitude. Also of note are
the derived bolometric corrections for these models. [Note that we have corrected an
error in our synthetic photometry that appeared in Baron et al. (1995) and Nugent
et al. (1995a,b); see Nugent et al. (1995¢)]. Models whose colors correspond to typical
SNe Ia [|B — V| < 0.2 (Vaughan et al., 1995, in press)], correspond to models with
Teq 2 9000 K.

[n an effort to find a more direct connection between these models and the various
light curve relationships we examined the Rosseland mean opacity, , at the center
of each model (the center corresponding to an optical depth of 7 ~ 13). It is
well known that « is proportional to t2., (Arnett (1982); Baron, Young, & Branch
(1993)). We found that in our hotter models sqrtx was 1.4 times greater than in our
cooler models (see Fig 4.5. This is very near to what one would expect, given the
available photometric data, for the ratio of t,s between the extremes of SN 1991T

and SN 1991bg.

4.5 Discussion and Conclusions

We have shown that the observed photometric sequence of SNe Ia (Phillips, 1993b;
Hamuy et al., 1995; Riess, Press, & Kirshner, 1995) manifests itself equally clearly as
a spectral sequence. This fact may prove to be extremely useful to current attempts
to measure the deceleration parameter, q,, through the discovery and observation of
z ~ 0.3-0.5 SNe Ia. The problem facing these programs is to correct for the expected

luminosity spread of the individual SNe. Until now, the only tocl for doing this was
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Figure 4.4: The colors for the synthetic spectra.
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to measure the initial decline rate of the light curve [One could perform a color
cut and eliminate peculiar SNe [a (Vaughan et al., 1995, in press), but this could
further deplete an already small, high z, sample of data]. However, if a spectrum is
obtained at maximum light (which is required to verify that the SN is actually type
[a event), a measurement of either R(Ca II) or R(Si II) should, in principle, provide
an independent estimate of the luminosity of the event. Of these two ratios, R(Ca II)
may prove to be the easier one to measure, particularly in the highest redshift SNe.

From our synthetic spectra, we conclude that the observed spectroscopic and
photometric sequences of SNe I[a are due primarily to temperature differences. Since
the supernova is almost entirely powered by the radioactive decay of **Ni, the tem-
perature differences are likely to be due to the total amount of *Ni produced in
the explosion. Undoubtedly abundance and velocity differences also play a role, but
their effects are of secondary importance. We know, for example, that the titanium
overabundance that we have used for the models in this paper is probably unique to
underluminous SNe [a such as SN 1991bg (Filippenko et al., 1992a). Nevertheless,
in our temperature sequence the effects of the titanium overabundance are masked
by the ionization of Ti Il as one moves to higher temperatures. Similarly, while our
hot model bears a strong resemblance to the maximum light spectrum of SN 1991T,
the features produced by intermediate mass elements are too strong, since these ele-
ments were underabundant in this supernova (Jeffery et al., 1992). Further progress
in understanding this spectroscopic sequence more fully is likely to come from a more
detailed study of the two extremes observed so far in the sequence, SN 1991bg and
SN 1991T. This will be the subject of further work.




Chapter 5
Hydrodynamic Models of SNe Ia

5.1 Abstract

We present detailed NLTE synthetic spectra of hydrodynamic SNe [a models. We
make no assumptions about the form of the spectrum at the inner boundary. We cal-
culate both Chandrasekhar-mass deflagration models and sub-Chandrasekhar “he-
lium detonators.” +4-ray deposition is handled in a simple, accurate manner. We
have parameterized the storage of energy that arises from the time dependent depo-
sition of radioactive decay energy in a reasonable manner, that spans the expected
range. We find that the Chandrasekhar-mass deflagration model W7 of Nomoto et
al. shows good agreement with the observed spectra of SN 1992A and SN 1994D,
particularly in the UV, where our models are expected to be most accurate. The sub-
Chandrasekhar models do not reproduce the UV deficit observed in normal SNe Ia.
They do bear some resemblance to sub-luminous SNe [a, but the shape of the spec-
tra (i.e. the colors) are opposite to that of the observed ones and the intermediate
mass element lines such as Si II, and Ca II are extremely weak, which seems to be
a generic difficulty of the models. Although the sub-Chandrasekhar models have a
significant helium abundance (unlike Chandrasekhar-mass models), helium lines are

not prominent in the spectra near maximum light and thus do not act as a spectral

41




CHAPTER 5. HYDRODYNAMIC MODELS OF SNE IA 42

signature for the progenitor.

5.2 Introduction

Type Ia supernovae (SNe Ia) are among the brightest known objects in the universe.
Since they form a nearly homogeneous class and simple selection criteria can make the
observed dispersion quite small, they are natural cosmological probes (Vaughan et al.,
1995, in press). The observed homogeneity has led to a search for a homogeneous
progenitor, that would satisfy the requirement of lacking hydrogen. This has led to
the assumption that the SNe Ia progenitor involves the explosion of a Chandrasekhar-
mass white dwarf. The current status of the search for the identification of the SNe la
progenitor is reviewed in Branch et al. (1995b). Hydrodynamic explosion models
have included deflagration models such as the “W7” model of Nomoto, Thielemann,
& Yokoi (1984). While this model is somewhat hand-crafted to fit the observed
spectra and suffers from an overproduction of neutron rich species, it remains the
standard in the field. The “DD” (delayed detonation, Khokhlov, 1991a; Woosley,
1991) and “PDD” models (Pulsating Delayed Detonation, Khokhlov, 1991b) improve
the predicted nucleosynthetic yield and gives qualitative agreement with the observed
spectra and light curves (Hoflich & Khokhlov, 1996).

The observation of the super-luminous SN 1991T (Jeffery et al., 1992) and the
very sub-luminous SN 1991bg (Filippenko et al., 1992b) convincingly showed that the
class of SNe Ia is not entirely homogeneous. In attempting to model SNe Ib, Livne &
Glasner (1990, 1991) examined a “helium-igniter” where a sub-Chandrasekhar or a
Chandrasekhar-mass C/O white dwarf with an accreted helium shell detonates near
the center following the detonation of the helium shell. Motivated by observations

of SN 1991T and 1991bg as well as other claims for evidence that SNe Ia form a
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sequence (Phillips, 1993b; Hamuy et al., 1995) Woosley & Weaver (1994) and Livne
& Arnett (1995) investigated the helium-igniter as a realistic model for SNe Ia.

On the face of it helium-igniters have much to recommend them as a plausible
progenitor model of SNe [a. By varying the initial white dwarf mass such models
can produce a range of nickel mass My; =~ 0.2 — 1.0 Mg, naturally leading to a
sequence of supernovae. Sub-Chandrasekhar models do not suffer from the same
neutronization problem that occurs in the C/O deflagration models, and population
synthesis studies may produce the progenitors in the requisite quantities (Tutukov.
Yungelson, & Iben, 1992), although not in old populations (Branch et al., 1995b).

On the negative side, the models produce an outer shell of the products of ex-
plosive helium burning: helium and %Ni; elements not typically associated with the
outer layers of SNe Ia. In addition the light curves are extremely fast (Woosley &
Weaver, 1994; Hoflich & Khokhlov, 1996), so in particular, it is not clear that the
observed photometric diversity can be reproduced by such models.

Since one of the primary goals of synthetic spectral synthesis is the confrontation
of theoretical models with observations, we present the results of synthetic spectrum
calculations of the helium igniter models of Woosley & Weaver (1994) and Livne
& Arnett (1995). Since this is our first application of our program of synthetic
spectral synthesis to hydrodynamical SNe Ia models, we also present the results of

the spectral synthesis of the W7 model (Nomoto, Thielemann, & Yokoi, 1984).

5.3 Calculations

The calculations are performed using the generalized stellar atmosphere program
PHOENIX 7.1 (Hauschildt, 1992a,b, 1993; Hauschildt, Baron, & Allard, 1996) in gen-

erally the same way we have applied it previously to SNe la (Nugent et al., 1995a.d).
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although we have modified the code to allow the treatment of nebular boundary
conditions, as well as stratified composition and a full gamma-ray deposition cal-
culation. Qur gamma-ray deposition calculation is based on a solution of the grey
transfer equation as described in Sutherland & Wheeler (1984), modified in Young,
Baron, & Branch (1993, 1995); Young (1994) and further modified in Nugent (1996).
We have compared the results of our vy-ray deposition with more detailed calculations
and the agreement is excellent (Young & Kumagai 1995, private communication).
similar results have been found by e.g. Swartz, Sutherland, & Harkness (1995).
The boundary conditions make no assumptions about the form of the flux at the
inner boundary, but rather impose continuity requirements on the intensity (with
correct Lorentz transformations). Thus all of the flux comes from the atmosphere
itself, there is no “light bulb” at the center. The inner boundary is a small hole,
through which radiation freely passes. We have performed extensive test calcula-
tions to ensure the the position of the inner boundary condition does not affect our
results. PHOENIX accurately solves the fully relativistic radiation transport equation
along with the non-LTE rate equations (for some ions) while ensuring radiative equi-
librium (energy conservation). The following ions were treated in non-LTE in the
calculations reported here (the number of levels follows in parenthesis): He I (11),
He II (10), Na I (3), Ne I (26), Ca II (87), Mg II (18), C I (228), O I (36), Fe II (617).
Co II (255), TilIlI (204), S II (85) and SiII (94).

The hydrodynamical models were evolved in time by assuming that the expansion
is homologous, i.e. the velocity of any given mass point was held constant. The
models were rezoned into 50 mass zones, with roughly a logarithmic spacing in 74,
where Tgq is the total extinction optical depth in the continuum at 5000 A. Care

was taken to resolve the density profiles.
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In theory, once we choose a time since explosion the model is completely de-
termined. The density structure is specified by the homology transformation, the
compositions are fixed in velocity by the hydrodynamical model (once decay of the
radioactive species has been accounted for) and, since we use observed bolometric
luminosity as an input parameter, the temperature structure is then completely de-
termined by imposing the condition of radiative equilibrium. We parameterize the
luminosity as:

Lbol = TIL:bs» (51)

where L:bs is the total instantaneous y-ray luminosity deposited in the material and
n is a parameter that measures the net amount of energy stored over time by the
material. Note that 7 differs from the parameter « defined by Arnett and co-workers
(Arnett, 1982; Arnett, Branch, & Wheeler, 1985) since « refers to the total instan-

taneous y-ray luminosity, and instead corresponds to the parameter () of Hoflich &
Khokhlov (1996). [NB: While the definition of @ = « in Héflich & Khokhlov (1996),
in previous papers in their series @ corresponds to n]. Héflich & Khokhlov (1996)
found 7 in the range 0.7 < n < 1.8 for a wide variety of models that they examined,
and we have varied 1 from approximately 0.5—~2.0. Actually n should be a function of
radius, but an accurate calculation of n will require a NLTE, multi-group radiation-
hydrodynamical calculation. This procedure accounts for the time-dependent nature
of the deposition of radioactive energy in an accurate manner. Given an input lu-
minosity the temperature structure of the models is determined by demanding the

modified radiative equilibrium condition:
/M(BA —J)dr=$ =0, (5.2)

where § is the local instantaneous rate at which v-ray energy is deposited.
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5.4 Results
5.4.1 Model W7

Figure 5.1 displays our synthetic spectrum for the W7 model at 20 d past explosion
for three choices of . This is several days after the time of bolometric maximum
tbol = 14 d found by Hoflich & Khokhlov (1996) and Khokhlov, Miiller, & Héflich
(1993) who found 7 = 1.3 at this time. The magnitudes and colors of these models
are listed in Table 5.1. The model strongly resembles observed SNe la spectra,
showing the defining Si II A6355 line as well as the A5972 line, and lines from Ca II,
SII, O I, and Fe IL. Also, there is the strong UV deficit that is characteristic of SNe [a
spectra. The colors for the n = 1.0 20 d model are very similar (on average) to the
colors found for normal SNe [a. The = 2.0 colors are too blue and the n = 0.8 are
too red, suggesting that the value of n = 1.3, found by Hoflich and collaborators is

reasonable.

Time n MB°| MB IWV B-V U-B
16d 0.6 -18.48 -18.64 -18.60 -0.04 -0.35
16d 0.9 -18.85 -18.95 -18.78 -0.18  -0.64
16d 1.1 -19.10 -19.11 -18.92 -0.19  -0.79
16d 1.7 -19.61 -19.44 -19.26 -0.17  -0.91
18d 09 -18.70 -18.93 -18.83 -0.10 -0.37
20d 0.8 -18.51 -18.71 -18.81 0.10 -0.09
20d 0.9 -18.55 -18.77 -18.83 0.07 -0.12
20d 1.0 -18.69 -18.93 -18.93 0.00 -0.17
20d 2.0 -19.45 -19.54 -19.24 -0.30  -0.82
23d 1.3 -18.75 -18.93 -19.04 0.10 -0.14
25d 1.5 -18.81 -19.11 -19.08 -0.04 -0.20

Table 5.1: Magnitudes and Colors of W7 Models. Mpo, Mg, and My are the
bolometric, B and V absolute magnitudes of the models respectively. B — V' and
U — B are the associated colors.

In addition to the NLTE lines that we treat directly, we must also include =~
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Figure 5.1: The synthetic spectrum for the W7 model at 20 d past explosion for three
choices of . The main effect of increasing 7 is to increase the effective temperature
and hence for higher values of 1 the spectrum becomes more blue (see Table 5.1.
Also the dominant ionization stage of iron moves from II to III, which reduces the
line blocking in the UV and changes many of the optical lines. At the highest value
of n Ca II becomes ionized and the IR triplet become much weaker.
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2 million additional lines in LTE. The shape of the spectrum is somewhat sensitive
to the constant scattering albedo o (the thermalization parameter € = 1 — a) that
we choose (Nugent et al., 1995a; Baron et al., 1996), where a is defined by the source

function for LTE metal lines,
Si=(1-a) / éudodv + aB,(T). (5.3)

Based on the results found in Appendix 2 we choose € = 0.05 — 0.1 as our standard
range. All the models discussed below have a = 0.1.

Figure 5.2 shows the W7 model at 23 d (n = 1.3) with an observed spectrum of
SN 1992A [taken at 5 days after maximum light (Kirshner et al., 1993)] and at 20 d
(n = 1.0) with an observed spectrum of SN 1994D [at maximum light in the optical
and 3 days before maximum in the IR (Meikle et al., 1996b)]. The agreement is quite
good across the entire range of observed wavelength for each supernova with all of the
major (and most of the minor) features present in the synthetic spectra. This result
agrees well with the LTE spectra of W7 calculated by Harkness (1991a,b). While
fine tuning could no doubt improve the fits, that is not our purpose in this paper. An
interesting feature in Figure 5.2, is that both the observed spectrum for SN 1994D
and the synthetic spectra of W7 show a “split” just blueward of the Ca II H&K
feature. This is likely due to a blend of Ca Il H&K and Si II A3858. Kirshner et al.
(1993) also noted that the two lines are of nearly equal strength. While the split is
prominent in the observed spectrum of SN 1994D, it is clearly absent in the observed
spectrum of SN 1992A. We suspect that the absence of the split is due to having
more calcium at higher velocity in SN 1992A than in SN 1994D, which strengthens
the blending. The W7 model does not contain any pre-existing metals, which are
likely to have been produced prior to the formation of the SN Ia progenitor by several

generations of SNe II. Thus, it would be premature to speculate as to whether the
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The W7 model at 23 d (n = 1.3) compared with an observed spectrum of SN 1992A
5 days after maximum light (Kirshner et al., 1993), and at 20 d (p = 1.0) compared
with an observed spectrum of SN 1994D, at maximum light (Meikle et al., 1996b).
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spectrum of SN 1992A requires the nucleosynthesis of more calcium, or is due to
differences in the pre-existing metallicity of the progenitors. We will return to this
issue in future work.

Figure 5.3 shows the time evolution of the W7 model near maximum light. The
bolometric magnitudes and colors of the 16 d, n = 1.1 and n = 1.7 models (see
Table 5.1) should be compared with the results of Hoflich & Khokhlov (1996) who
found Mpo = —19.56 and B — V = 0.11 (for n = 1.3). The bolometric magnitudes
bracket the results of Hoflich & Khokhlov (1996), while both of the models are
somewhat bluer than they found. This is likely due to differences in the treatment
of radiation transport (NLTE, 82,000 wavelength points and full line profiles, versus
LTE grey transport) and serves as an estimate of the theoretical uncertainty of such

calculations.

5.4.2 Sub-Chandrasekhar Models

Figure 5.4 displays Model 2 of Woosley & Weaver (1994) (WW2) 15 d after explosion
for three choices of . This model is the explosion of an 0.7 Mg white dwarf that
has accreted 0.2 Mg of helium. Since these models are significantly less massive
than W7, they peak earlier and hence it is sensible to examine them at earlier times.
Figure 5.5 is similar to Figure 5.4, but for Model 4 of Livne & Arnett (1995) (LA4),
which is a 0.7 Mg white dwarf that has accreted 0.17 Mg of helium. The magnitude
and color data for these models can be found in Table 5.2. The synthetic spectra
have less line-blanketing and hence more flux in the UV, than does the W7 model.
There is no strong evidence of either He I or He II lines.

Although we do not use the Sobolev approximation at all in our calculations, we

calculate the Sobolev optical depth of each NLTE line as a convenient diagnostic.
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Figure 5.3: The time evolution of the W7 model near maximum light (n

1.1,0.9,1.0,1.3,1.5 at t = 16, 18,20, 23,25 d, respectively) .
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Figure 5.4: Model WW2 15 d after explosion for three choices of 7.
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Model Time 17 Mg Mg My B-V U-B
WW2 15d 0.7 -18.08 -18.04 -18.68 064 -0.18
WwW2 15d 1.0 -18.49 -18.72 -18.82 0.10 -0.31
WwW2 15d 1.3 -18.78 -19.13 -18.83 -0.30 -0.46
WwW2 15d 1.6 -18.98 -19.33 -18.85 -0.48 -0.55
Ww2 20d 1.1 -18.22 -18.21 -18.95 0.74 -0.16
Ww2 20d 1.5 -18.51 -18.78 -18.97 0.19 -0.34
WwW2 20d 1.9 -18.80 -19.17 -18.82 -0.36 -0.65
LA4 15d 0.7 -18.20 -18.30 -18.81 0.52 -0.17
LA4 15d 1.1 -18.69 -18.99 -18.90 -0.08 -0.43
LA4 15d 1.7 -19.17 -19.41 -18.91 -0.50 -0.76
LA4 204d 1.5 -18.60 -18.96 -18.97 0.01 -0.39
LA4 20d 1.6 -18.66 -19.03 -18.97 -0.07 -0.43
LA4 20d 2.0 -18.89 -19.29 -18.91 -0.37 -0.60

Table 5.2: Magnitudes and Colors of the Sub-Chandrasekhar Models. Mgo. Mp,
and My are the bolometric, B and V absolute magnitudes of the models respectively.
B —V and U — B are the associated colors.

The Sobolev optical depth of the He I A5876 lines is approximately 3 — 4 orders of
magnitude weaker than that of the Si II A6355 line in both sets of models, thus these
models are effective at “hiding helium.” It is somewhat surprising that in a model
with nearly 0.2 Mg helium on the outside that no evidence of helium should appear.
This seems to be due to the very strong non-thermal ionization and the high UV
flux which tends to keep the helium ionized, and/or highly excited, suppressing the
strong He I lines. Optical He II lines, particularly P, A4687.8 and P; A3204.3, are
also not prominent. Figure 5.6 displays the Sobolev optical depths of the helium
lines throughout the atmosphere as long as the electron scattering optical depth is
larger than 0.1.

As expected the strongest lines are in the far UV. Focusing on the He I A5876
line Figure 5.6 shows that at a few points in the atmosphere the Sobolev optical

depth is significant. However, as illustrated in Figure 5.7 this line is blended with
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Figure 5.6: The Sobolev optical depths of the helium lines throughout the atmo-
sphere of Model WW2, 20 d after explosion, with n = 1.1, for regions where the
electron scattering optical depth is larger than 0.1.
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strong Si and S lines and show isn’t a clean signature for the presence of helium. At
earlier times, with higher densities recombination may populate the He I - II levels.
but since the models will also be hotter at those times, it is not clear a priori that
optical He I - II lines will ever be strong in these models. Understanding the exact
suppression mechanism of helium lines will be the subject of future work.

Figure 5.8 shows the synthetic spectra of the models of WW2 (n = 1.1) and
LA4 (n=1.5) at 20 d, compared with the observed spectrum of SN 1994D. Clearly
the synthetic spectra bear little resemblance to the observed SN Ia spectrum. The
Si II A6355 line is quite weak and may not extend to high enough velocity. This
is a generic problem with sub-Chandrasekhar models. The 15-d WW2 model of
Figure 5.4 does however reproduce the boxy shape of the Ca IR triplet seen in SN
1994D, which may indicate that the calcium is confined to the correct velocity range
in the model.

Sub-Chandrasekhar models have been suggested as attractive models for low
luminosity SNe Ia such as SN 1991bg. The spectra of this SN Ia [at maximum (Fil-
ippenko et al., 1992b) in the optical and IUE data in the UV (Cappellaro, Turatto,
& Fernley, 1995)] along with the spectra of the 20 d models of WW2 (n = 1.1) and
LA4 (n = 1.5) can be seen in Fig. 5.9. These models show some resemblance to
the observed SN 1991bg spectrum, however, the shape of the spectra from these
models is counter to that observed. This behavior is exemplified by the WW2 20 d
model with n = 1.1 in Table 5.2 where B — V is extremely red (0.74), but U — B is
negative (-0.16). The flat spectrum in the UV for these models (signified by a nega-
tive U — B) is observationally associated with bright SNe Ia such as SN 1991T and
SN 1994D, rather than with dim supernovae such as SN 1991bg. In the spectrum of
SN 1991bg, the trough near 4000 A is due to Ti II (Filippenko et al., 1992b; Nugent
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et al., 1995d). In the synthetic spectra this trough is not flat enough to reproduce
the observed spectrum of SN 1991bg, most likely because Ti II is confined to a small
region in velocity in these models. Also, the calculated Si II and Ca II lines are
very weak even at this epoch. The strength of these lines correlates inversely with
the luminosity of the supernova (Nugent et al., 1995d). Weak, dim supernova like
SN 1991bg have strong Si Il and Ca II lines, whereas powerful, bright SNe such
as 1991T, have weak lines, thus a model that hopes to fit SN 1991bg should show
prominent Si [I and Ca II lines.

Table 5.3 lists the relative concentration of the four most abundant species at
three different velocities for each of the three models that we have examined (the
models W7, WW2, and LA4 have n = 1.0,1.0,1.5, respectively) at 20 days after
explosion. The models have very similar compositions at low velocity, a mixture of
highly ionized iron-peak elements and He II. The detonation models have somewhat
more He II than does the deflagration W7. In the outer parts, the composition is
different. Whereas W7 has singly and doubly ionized intermediate mass elements,
the helium igniters have mixtures of neutral and singly ionized helium, and doubly
ionized elements just below the iron-peak (calcium and titanium). At very high
velocity (v > 20000 km s~!), the composition of W7 is mostly a mixture of C-O,
while the WW2, and A4 models are dominated by He I - II. As we have already
noted the presence of intermediate mass elements at high velocity is required to fit
the observed spectra.

In order to further elucidate the differences between W7 and the helium-igniters,
Figure 5.10 compares the temperature and density profiles of W7 (n = 1.0) to WW2
(n = 1.1) at 20 d. The more massive W7 model has a much steeper density profile,

and it is cooler on the outside. Figure 5.11 displays the Sobolev optical depth of the
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Model  Velocity Relative Concentration

(kms~!) (ppm)
W7 20,000 C1I(2x 10°) OII (2 x 10°) Ne Il (2 x 10%) O (1 x 10%)
LA4 20,000 Hell (4x105) Hel(9x104)  Tilll (6x10% Calll (4 x 103
WW2 20,000 Hell (4x105) Hel(2x10%)  Tilll (7x10% Calll (6 x 10°)
w7 10,000 Silll (1 x10%) Colll (7 x 10*) SIII (6 x 10*) Calll (3 x 10%)
LA4 10,000 SillI (1x105) Colll (1x 105 SIII(5x 104 Nilll (1 x 10%)
Ww2 10,000 SiIll (2x10%) SII(1x10%  Arll(1x10%) Calll (1 x10%
w7 5000 ColV (2x105) NilV (7x10%) FelV (2x 104 Hell (2 x 103)
LA4 5000 ColV (2x10%) Hell (7x10%) NilV (2x10%) FelV (2 x 10%)
WW2 5000 ColV (2x10%) Hell (3x10% NilIV (2x104) FelV (2 x 10

Table 5.3: 4 Most Abundant Species for Each Model at 20 Days After Explosion.
The relative concentrations by number of the four most abundant species (in parts
per million) for a particular zone (labeled by its velocity). The models W7, WW2,
and LA4 have n = 1.0, 1.1, 1.4, respectively.

Co Il 'D =3 G° A2605.2 line as a function of T4 for the 3 models. While W7 and
WW?2 display similar Sobolev optical depths in this line at depth, LA4 only has a
very small region where this line is optically thick, and, near the surface where the
spectrum forms, both WW2 and LA4 are transparent in this line. This is typical for
the iron-peak UV lines and it makes it very difficult for the helium-detonation models
to display the proper line blanketing in the UV. It is not that the iron-peak elements
are not present, but rather that they are not in the proper ionization/electronic

states to create strong line blanketing.

5.5 Conclusions

We have calculated very detailed NLTE synthetic spectra of hydrodynamical models
for SNe [a. We have used only symmetry considerations at the inner boundary
and thus have not had to make any assumptions about the form of the flux there,
the spectrum is calculated ab-initio. We have used a simple but accurate v-ray

transport algorithm and we have developed a reasonable parameterization of the
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time dependence of the y-ray heating that can be compared with and calibrated to
sophisticated radiation hydrodynamical calculations as they become available.

The Chandrasekhar-mass deflagration model W7 shows good agreement with ob-
served normal SNe Ia and it is likely that other Chandrasekhar-mass models such as
DD or PDD (Khokhlov, Miiller, & Hoflich, 1993) will also show reasonable agreement.
While the sub-Chandrasekhar mass “helium igniter” models bear some resemblance
to the sub-luminous SNe Ia typified by SN 1991bg the weakness of lines of the in-
termediate mass elements and the lack of the UV deficit will have to be addressed if

these models are to remain as viable contenders for at least some SNe Ia.
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Figure 5.10: The density and temperature profiles for WW2 and W7 at 20 d, with
n = 1.1, 1.0 respectively. The “glitches” in the density and temperature occur at the
edge of the burning fronts and represent real changes in model structure.
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Figure 5.11: The Sobolev optical depth of the Co II !D —3 G° X2605.2 lin as a
function of 154 for the 3 models listed in Table 5.3. The solid line denotes the W7
model, the dashed line WW2, and the dot-dashed line LA4. Note that 7sopolev IS @
purely local quantity and hence is not necessarily monotonic.




Chapter 6
NLTE vs. LTE

6.1 Abstract

We finish up this thesis with a look at the first word in the title, 'NLTE’. NLTE
stands for non-local thermodynamic equilibrium. It basically represents all processes
which can effect the level populations of an ionic species which can not be explained
by the local temperature through the Saha and Boltzmann equations. This includes
both the impinging radiation field and non-thermal ionization. Our focus will be
concentrated in two areas. First, how does using an LTE approximation (in contrast
with a reasonably full NLTE calculation) effect the resultant model. Second, what
do the NLTE calculations tell us about the features in the spectra. In the end we
wish to convince the reader of the necessity of performing NLTE calculations and

their usefulness in the interpretation of the spectra of SNe Ia near maximum light.

6.2 Differences

To explore the differences between LTE and NLTE calculations we will look no
further than the W7 model at 20 days which is seen in Chapter 5. This calculation
has (by particle number) the majority of the atmosphere in NLTE. Most importantly

it has both Fe II and Co II in NLTE which not only have several strong lines in the
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spectra of SNe Ia but also have a large number of weaker lines (in the millions)
which, taken as a group, control the overall shape of the spectra. This model was
calculated with a nebular inner-boundary condition. The two LTE models which we
consider do not incorporate this inner-boundary condition. These models also make

use of a constant scattering albedo, a = 0.1.

Model Mbol MU MB Mv MR

NLTE -18.71 -19.12 -1893 -18.94 -18.83
LTE #1 -18.78 -19.37 -18.92 -18.92 -18.84
LTE #2 -18.38 -18.62 -18.46 -18.69 -18.61

Table 6.1: Magnitudes for the NLTE and LTE models.

In Figure 6.1 we see a plot of the NLTE calculation vs. two LTE models. Ta-
ble 6.1 lists the UBVRI and bolometric magnitudes for each. What should stick
out immediately is how neither LTE model correctly reproduces the colors in the
NLTE model, even though they span a large range in absolute bolometric magni-
tude. Model LTE #1 is clearly to bright in the UV while it matches the optical
rather well up to 7000 A. LTE #2 is a decent match in the far UV (up to 3500 A)
though it is very underluminous in the optical and IR. The reason behind this can
be seen in Figure 6.2. Here the percentage temperature difference between each
LTE model and the NLTE model is plotted vs. velocity. Bracketing a 5% range in
temperature difference one can see that LTE #1 is a better match at lower velocities
(5,000 to 12,500 km/s) and LTE #2 matches better at higher velocities (12,500 to
25,000 km/s). Since the UV is optically thick until the very outer regions of the
atmosphere, it makes sense that the model which matches temperature structure
better in this range, LTE #2, will fit the spectrum better in the UV. Likewise, the

optical part of the spectrum (since it becomes thin at much lower velocities) will be
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Figure 6.1: A comparison of LTE and NLTE spectra.
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better matched by model LTE #1, since it more correctly matches the temperature
structure at depth.

In Figure 6.3 we present the b;’s for the strongest lines for each element in the
optical region of the spectrum. The transitions considered (labeled by their approx-
imate wavelengths) are as follows: C I - 9100 A, O I - 7780 A, Mg II - 4490 A,
S II - 5650 A, Si Il - 6350 A, Ca Il - 3940 A, Fe II - 5180 A and Co II - 4170 A.
The b;’s (as we present them here) are the ratio of the NLTE level populations to
the LTE level populations given the NLTE ionization. It is quite obvious from this
figure that most of the species are far from LTE, even at depth. Of particular note is
the O I line which is far from LTE everywhere in the atmosphere and was impossible
to fit in our earlier models where we considered it only in LTE (see Nugent et al.
(1995a)). One can also see how Si II departs far from LTE (especially at depth).
This feature is especially important for SNe Ia since it’s spectral signature is used

to classify these events.

6.3 Line Identifications

We end the thesis with a brief section on line identification in SNe Ia. While several
strong lines are readily apparent in the near maximum light spectra, it will become
quite obvious from the next few graphs that, in general, a spectrum’s shape and
features are controlled by the blending of many thousands (even millions) of weak
lines. This is especially true of the iron peak elements.

Figures 6.4 through 6.8 display the sum of the Sobolev optical depths, in 10 Abins,
for each ionic species throughout the line forming region. The wavelengths have been
blueshifted by 10,000 km/s (roughly the photospheric velocity) in order to match up

better with the major features in the synthetic spectra rather than being at the
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Figure 6.3: The b;’s for the NLTE model. The transitions considered are as follows:
CI-9100 A, 01-7780 A, Mg II - 4490 A, S II - 5650 A, Si Il - 6350 A, Ca Il -
3940 A, Fe Il - 5180 Aand Co II - 4170 A.
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rest wavelength. All the standard line identifications stick out tremendously having
optical depths approaching 10°~7. One can easily match up the strong features
associated with the Ca Il H&K lines and infrared triplet, the Si II features at either
side of 6000 A (though note how Na I makes its presence known in the bluer of the
lines), the S Il "W’ feature at 5400 A and the several strong Mg II features stretching
from 2800 A to the near infrared.

The major players though are Ti II, Fe I and Co II. Their presence in the UV
is what directly controls the overall shape of the spectrum. The line blanketing
they produce in the UV is what takes a relatively Planckian spectrum in the IR
and optical and hacks it off at 4000 A. In addition, one can see that Fe II is strong
throughout the entire spectrum with Sobolev optical depths greater than 10% all the
way to 1.0 u. In future work we will examine how the strengths of these features
change as a function of time and overall luminosity, paying particular attention to
the Ti II lines near 4400 A which make a much stronger appearance in the dimmer
SNe Ia.

In conclusion, we have demonstrated both the necessity and usefulness of per-
forming NLTE spectrum synthesis calculations of SNe [a. We have shown how these
calculations can be used for abundance determinations and line identifications, the
acceptance or rejection of a particular model and as an independent (and purely
physical-based) way to determine the distance to a supernova. Though the work in
this field is far from complete, this thesis has made great strides into the analysis of

SNe Ia and has provided a means to tackle many of the remaining questions.
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Appendix A

v-ray Transport in Type Ia
Supernovae

In order to solve the rate equations in a consistent manner, PHOENIX must include
the effects of non-thermal ionization. In Type Ia supernovae the non-thermal ion-
ization is a result of the fast electrons produced when Ni®*¢ and Co®® emit y-rays as
they decay radioactively and these vy-rays transfer their energy to the electrons in
the atmosphere via Compton scattering,.

Following in the footsteps of Sutherland & Wheeler (1984), we have developed
a y-ray transport code for SNe la. Their method is based on a purely absorptive,
gray opacity and has been shown to be accurate to within 10% in the deposition
function for a wide variety of supernovae models (up to 1200 days after explosion)
when compared to more elaborate Monte Carlo methods. The reason this approach
has been taken, as opposed to a Monte Carlo calculation, is for the sole purpose of
computational expediency. A typical y-ray deposition calculation for a SNe Ia re-
quires approximately 15 minutes on an IBM RISC workstation, a comparable Monte
Carlo Calculation takes over 24 hours. Since one would like to produce several model
atmospheres in one day, this time constraint rules out the Monte Carlo approach.

We can break down the geometry of the problem as follows. Taking an arbitrary
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point in the atmosphere, of mass dm = pdAd! (p is the density and dAdl is the

volume), the rate of deposition of energy at this point due to the source is

dA
dsdep = $(r)Kpdl 4m2e—f<r) (A.1)

Lk, is

where the source is at r emitting vy-ray energy at the rate s(r) ergs g™ s~
the y-ray absorption opacity and to a very good approximation has been found to
be equal to 0.06Y, (where Y, is the total number of electrons per baryon) from the
work of Colgate, Petschek, & Kriese (1980)). 7(r) is the y-ray optical depth and is
defined as follows:

r(r) = /0 e p(s)ds. (A.2)
The source s(r) varies in time in accord with the exponential decay of Ni®*® and Co®®

and is defined by:
s =3.90 x 101%™ 4+ 6,78 x 10%(e™7¢> — e ") (A.3)

where yn; = 1.32 x 1076 s™! and v, = 1.02 x 1077 s~! are the decay rates. The
dimensionless deposition function is obtained by dividing dm and integrating over

the radioactive source region:

K 1
d=2 / &r—e (). (A.4)

Fig. A.1 is a rough schematic breakdown of how the atmosphere is set up for the
absorption calculation. The supernova is divided into approximately 500 radial zones
and 100 angular zones. The number of zones are picked so that the “optically thin”
nature of this treatment (as seen eqn. A.1) is preserved. Given the abundances and
time since explosion, the sources are calculated at each point and the emitted vy-rays
are followed throughout the atmosphere in accordance with the above equations on

equally spaced lines in u.
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Figure A.1: Geometric lay-out for the y-ray deposition calculation.

As a test of this method we can compare the results of the above treatment to the
semi-analytic one found in Sutherland & Wheeler (1984). Here it was shown that
for an atmosphere in which all the radioactive sources are located within a spherical

volume r < r. then:

]_ Hmazx

e

d(a) du[e™Tmn — g7 Tmaz] (A.5)

Here, p = cos(0) and taumi, and taum., are the total optical depths to the near and
far side of the radioactive core along the ray specified by theta as seen in Fig. A.2. In
Fig. A.3 we see how well our calculation compares to the semi-analytic result derived
in Equation A.5. Note that the only discrepancy occurs in the first zone for the late
time model when the analytic and numerical results differ by = 5%.

Finally, we present the results of our deposition calculations for the three hy-
drodynamic explosion models for SNe Ia considered in this thesis. In Fig. A.4 we
see a plot of the deposition function versus the mass fraction for models W7, WW2
and LA4 all at 20 days after explosion. Note the large differences between the C/O

deflagration model W7 and the helium-igniter models WW2 and LA4.
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Figure A.2: The deposition is being calculated at point A (at a distance a from the
center) and r is the radius of the radioactive core.
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Figure A.3: A Graph of the semi-analytic deposition function (lines) vs. the numer-
ical absorption calculation (filled circles). Curves A, B, C and D represent {s = 0.5,
1, 2 and 4 (in units of 10° s) respectively.
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Figure A.4: The 20 day deposition functions of models W7, WW2 and LA4.




Appendix B

a — The Thermalization
Parameter

In addition to the NLTE lines, the models include, self consistently, line blanketing
of the metal lines selected from the latest atomic and ionic line list of Kurucz. The
source function for these lines can be written as follows (Mihalas, 1978):

/ ®,J,dv + ¢ B,(T.) + nB*(T.)
- l+€e+7

S (B.1)

The first term of the numerator is represents the scattering reservoir, the second
the thermal source (photons created by collisional excitation followed by radiative
de-excitation) and the third term are those photons created by recombination from
the continuum to the upper level followed by a radiative de-excitation. In the de-
nominator, € represents those photons destroyed by collisional de-excitation and 7 is
a sink term proportional to the total rate of ionization from the upper state times the
fractional recombination rate to the lower level. B,(T.) is the Planck function based
on the local electron temperature, T,, and B*(T,) resembles the Planck function for
a characteristic radiation temperature, 7.

The following is a derivation of ¢ based on the work of Castor (1970).
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+ _ Cull = eap(-u))
- Aul

Where u = ,':——;— and E, = hv.

with Cy = (7£)*Ciy and & = (L) ezp(—u)

Given
1 Ir\?
Ciu = Con.T? [14.5ﬁu (E-) ] uverp(—u)l(u)
and
A= 64743 g fru3he?
ul 3hlg, 8mim v
with
C,=ma Sk )z
mem

then ¢ can be rewritten as:

_ Co14.5(£)%ul(u)(1 — ezp(—u))m.cn.T*

6I

8mw2p2e?

1
oo a?[14.514)mi3c n.

\/gw%ezhk% T3

P(u)(1 — ezp(—u))

¢ = 202 T D(u)(1 — ezp(~u))

T2
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, M.,
¢ = 20-2—T(u)(1 — ezp(~u)) (B.10)
T?
[(u) is defined as follows ['(u) = maz[g,0.276ezp(u)E,(u)], with g = 0.2 for

n'l' = nl and § = 0.7 for nl’ = nl. In Fig. B.1 we can see a plot of € as a function of
optical depth and velocity. Note that ¢ is low over much of the atmosphere except
at depth.

The the third term in the numerator, 7, is defined as follows:

n= (}zu;c + Cun)nT(Rnl + C!n) - gl(Rln + Cln)n;(Rsu + Ctm)/gu

B.11
Au[[n;(Rnl + Clr:) + n;(Re:u + Cu:c)] ( )

with

= 2,“/3 nl-g‘u (Rurc + Cus)(R,‘l + Clr:) : }-l
? —( c? ){(n;gz) {(Rl~+Crx)(Rnu+CuK)] L (B.12)

It’s clear from observation of eqn. B.12 that B* is very similar to the Planck
function and can be thought of as having a characteristic radiation temperature of
T, which is set by the photoionization and recombination rates. At depth, R = Rq
and R, — Ry, so that B* — B,(T.). However, in optically thin regions the results
are quite different. In a SN Ia’s outer atmosphere collisions are near negligible and
Rix > Ra and R., > R... This is the case of a relatively cool medium being
irradiated by a hot radiation field. Therefore, B* > B, and S; will be larger than the
Si determined by only the coupling to the thermal pool. Thus 7 increases the overall
‘thermalization’ in the atmosphere. For simplicity and computational expediency,

we now rewrite eqn. B.1 as:

S~ (1 —a)/cb,,Judu+aB,,(T) (B.13)
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assuming B" = B,(T) (B.14)

where o now represents both the effects of € and 7. Since the calculation of a would
require a full NLTE treatment of all lines and continua, which is beyond our present
ability to acquire atomic data, we adopt an average value for a for all the metal
lines in LTE. Due to the velocity gradients in SNe Ia the shape of the lines does
not depend heavily on o, however, a does have an effect on the overall color of the
spectrum. Therefore, it is necessary to treat o as a parameter to fit in concert with
the temperature.

In Fig. B.2 and Fig. B.3 we examine the effect of a on the synthetic spectra
for models which are purely in LTE. Of importance to us is how much the color
and absolute magnitude are effected by varying a, since increasing o causes more
thermalization and thus reddens the spectrum. In Fig. B.2 we see a very good fit to
the spectrum of SN 1992A at 5 days after maximum light using an a = 0.1. Fig. B.3
shows two unacceptable fits to the spectrum with @ = 0.3 and & = 0.01. In Table B.1
we display the results of this parameterized study. Of particular note is the fact that
the range of acceptable fits spans only + 0.05 in color and & 0.17 in My. These
can be thought of as limits to our accuracy in determining the characteristics of a

particular model due to the effects of a.

| Model | a | Teyy | B=V | My — My(361) | Grade |
355 0.01 | 8000 [ -0.08 0.65 D
353 0.05 | 8500 | 0.14 0.19 B
361 0.10 | 8900 | 0.19 0.00 A
321 0.20 | 9250 | 0.25 -0.14 B
341 0.30 [ 9400 | 0.30 -0.21 D

Table B.1: The color and magnitude differences for a set of models with different
values of a.

Figure B.4 compares the spectra for a = (1074,0.05,0.1,1.0) for the W7 model
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considered in Chapter 4. This is a model which has almost all of the major species
treated in NLTE. The UV (where most lines are treated in NLTE) is rather insensitive
to the choice of a; however, in the optical, redward of 5000 A there is a strong
dependence on «. Based on these results and the LTE comparisons we choose a =

0.05 — 0.1 as our range for SNe Ia.




APPENDIX B. a — THE THERMALIZATION PARAMETER

10

1072

10

Figure B.1: € as a function of wavelength for W7 at 20 days after explosion.
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Figure B.2: A good fit to the spectrum of SN 1992A for a = 0.1.
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Figure B.3: Unacceptable fits to the spectrum of SN 1992A for a = 0.01 and 0.3.
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Figure B.4: The synthetic spectrum for the W7 model at 23 d past explosion for
four choices of . The model with a = 0.10 is in radiative equilibrium and the tem-
perature structure has been held fixed at that structure for all the models displayed.




